Abstract: Slopes in weakly cemented glaciolacustrine sediments in the Morkill River valley in the Canadian Rocky Mountains stand at up to 70°. Based on field and laboratory observations it appears that a contributing factor to instability is the softening of the soils by frost action and the leaching of calcite cement. Field density profiles demonstrated increased density and carbonate content with an increase in depth. Laboratory tests of carbonate content indicated a positive correlation between calcium carbonate and density in the glaciolacustrine sediments. The relationship was strongest in sands, in which leaching and dissolution were important components of softening. In clays, frost action was the dominant component of softening. Freeze-thaw tests showed a 50% decrease in strength after one cycle of freeze and thaw in the silts and clays.
Introduction
Some operational and construction problems in forestry developments in the Morkill River valley in the Canadian Rockies are associated with surficial landslides in glaciolacustrine sediments. Although landsliding in the valley is neither rapid nor deep, it challenges construction to reduce sediment deposition in salmon-spawning streams from constructed cuts and fills and natural slopes. Concerns of environment and government agencies were a driving force in the initiation of this study of the geotechnical properties, distribution, and landslide mechanisms of the weakly cemented soils.
An initial airphoto inventory of landslides in the area, along with a review of the available geological data, highlighted the possibility of the presence of calcium carbonate as a cementing agent in the soils in the valley. The purpose of this paper is to look at the effects of cementation on soils in the Morkill River valley. Experience with carbonate sediments in British Columbia is reviewed. This is followed by a description of the types of landslides observed in the Morkill River valley. The observed effects of weathering on the calcium carbonate cementation in the field and laboratory are addressed, and the effects of chemical and mechanical weathering on these sediments which contribute to instability of slopes in the area are discussed. Ford (1989, Fig. 9 .34) illustrated the distribution of carbonate and other soluble rocks in Canada; gypsum, limestone, and dolomite outcrop over approximately 1.25 million square kilometres of Canada. As the rocks described by Ford are soluble, carbonate precipitates may be associated with sediments found in these areas. The areas shown in Fig. 9 .34 of Ford include the present study area and the areas studied by Boone and Lutenegger (1997) in eastern Ontario, by Wass (1994a, 1994b) in the Canadian Rockies near Golden, British Columbia, and by Haughton (1978) and Nyland and Miller (1977) in the Columbia Lakes and South Thompson regions of British Columbia.
Carbonate sediments in Western Canada
The British Columbia Ministry of Highways studied geological hazards associated with weakly cemented sediments in the Columbia Lakes and South Thompson and Penticton regions of British Columbia (Haughton 1978; Nyland and Miller 1977) . More recently, Geertsema and Schwab (1997 , 1995a , 1995b highlighted the occurrence of calcium carbonate as a cementing agent in the glaciomarine sediments of the west coast of British Columbia near Kitimat and Terrace.
Calcium carbonate has been identified as a cementing agent in the silts of the South Thompson region of British Columbia. Hardy (1950) attributed subsidence in the Kamloops silts to the collapse of the internal soil structure after the dissolution of calcium carbonate bonds in the silt. Quigley's (1976) laboratory study of the glaciolacustrine silt deposits of the Columbia Lake area and the South Thompson and Penticton area identified 7-8% calcium carbonate. Quigley (p. 16 ) stated the following: "Small amounts of soluble precipitates or evaporites were found. These are significant in that evaporites occurring at the points of contact between silt grains can have a marked effect on the decrease in stability of the silt structure upon wetting." Wass (1994a, 1994b) reported the impacts of skid roads and stump uprooting on the properties of calcareous loamy soils at Golden, British Columbia, approximately 350 km southeast of the Morkill River. Although the studies were primarily concerned with the effects of soil disturbance on planted seedling performance, tests of the carbonate content, soil type, and in situ densities were provided. A sandy silt with some clay and 2-8% carbonates had bulk densities from 1.07 Mg/m 3 within the top 0-10 cm to 1.81 Mg/m 3 at a depth of 60-70 cm.
Studies of the retrogressive flow slides in sensitive glaciomarine sediments in the Kitimat-Terrace region (Geertsema and Schwab 1997 , 1995a , 1995b described silts that consisted of glacially ground quartz, feldspar, illite, and chlorite. These mineralogies were similar to those of the sensitive glaciomarine sediments found in eastern Canada and Scandinavia (Geertsema and Schwab 1997) . A detailed study of landslide deposits in the Kitimat-Terrace area looked at the ages of the landslides by carbon dating and the effects of leaching on the calcium carbonate content. Calcium carbonate was found in deep soil deposits, but in surficial deposits of relict landslides low pH values were indicative of the neutralization of calcium carbonate, originally up to 5% by volume, by acids produced from decaying organic matter. The pore water in the study areas exhibited very low concentrations of Na + , Ca 2+ , K + , and Mg 2+ , further indications that the majority of leaching had already occurred (Geertsema and Schwab 1997) .
This review of the available geotechnical and geological literature did not identify the presence of calcium carbonate as a cementing agent in the soils in the Morkill River valley. Campbell et al. (1973) highlighted the presence of carbonate bedrock but did not discuss the role of cementation in the soils. Reference to carbonate cementation may be lacking because of the remoteness of the area and the fact that the role of cementation is only recently being addressed in the geotechnical literature.
Physical environment
The Morkill River is a tributary to the Fraser River at the settlement of Crescent Spur, 50 km northwest of the town of McBride, British Columbia. This area, in the Park Ranges of the Rocky Mountains (Figs. 1, 2) , is characterized by folded and faulted sedimentary and metamorphic rocks underlying subparallel ridges and valleys which predominantly trend northwest (Holland 1964) .
The Morkill River basin was enveloped by the Cordilleran Ice Sheet during the Pleistocene (Clague 1989) . The most significant glaciation, the Late Wisconsinan glaciation known as the Fraser Glaciation, occurred between 29 000 and 14 000 BP (Ryder et al. 1991) . Extensive glaciolacustrine sediments deposited by the decay of this glaciation cover the Morkill River valley.
Mapping of the glaciolacustrine soils in the Morkill River valley (Froese 1998) concluded that six glacial lakes, termed lakes A-F, were impounded in the Morkill River valley by complex stagnation and downwasting of valley glaciers (Fig. 3) . In this study, it is hypothesized that the glaciers and their deposits formed natural dams in the Morkill River and tributary valleys, trapping large volumes of sediment. The sediments in these lakes were eroded from the local bedrock in the Morkill and tributary valleys, with the calcite derived from the rocks of the Lower Miette Group or from calciterich till.
Landslide types and processes in the Morkill River valley
The field mapping program in the Morkill River valley investigated 21 landslides. The types and processes of landslides in the Morkill silts are outlined in the next section, followed by consideration of the sands. The study boundaries for the landslides considered are shown in Fig. 2 . Landslide terminology follows Cruden and Varnes (1996) .
Silts in lakes A, B, D, and E
The field investigation included 10 landslides and 71 road-cut exposures in the silt sediments of lakes A, B, D, and E. These soils consist of rhythmically bedded silt, fine sand, and clayey silt. The lateral and vertical distribution of the sediments is presented in Fig. 3 . Landslides are initiated by earth slides of the upper 0.3-0.5 m of root mat and soil, followed by continuing retrogression of the rupture surface. The subsequent landslides are composite slides and flows of the silty soils.
Visual observations and slope measurements in the field mapping program (Froese 1998) showed natural slope angles adjacent to landslides and in road-cut exposures in lakes A, B, D, and E ranged from 31°to 60°. In the landslides investigated, the slope of the surface of rupture in the silty soils ranged from 35°to 60°. The variation in the rupture surface orientation is postulated to be a function of the duration of exposure and degree of weathering. These in turn would lead to reduction of soil strength by softening, dissolution and leaching of cementation, increased groundwater seepage forces, and reduction of negative pore pressures.
Earth slides in the glaciolacustrine silts of the Morkill River valley have rupture surfaces ranging from 1 to 4 m in depth and 12 to 150 m in width. Thin layers of displaced material from retrogressive landslides now cover rupture surfaces. Based on field observations, it appears that the earth slides in the Morkill River valley silts develop seasonally after prolonged exposure to the elements subsequent to the removal of the insulating root mat. Based on the results of the field and laboratory programs, it appears that there is a relationship between the gradual breakdown of the soils due to frost action and the seasonal sliding.
The mechanics of earthflows in the Morkill River valley may follow the description of Cruden and Varnes (1996, p. 66) : "Seasonal thaw layers, or active layers, up to a metre or so in thickness may contain water originally drawn to the freezing front where it formed segregated ice. Melting of this ice may generate artesian porewater pressures that greatly reduce the resistance of the active layer to movement."
The silts in the Morkill River valley appear to be extremely sensitive to cycles of freezing and thawing which may accelerate the breakdown of the surficial soil layers thus promoting the infiltration of water. This in turn may lead to a reduction in negative pore pressures and increased leaching of cementing agents in the soil. The upper layer of soil may be at limiting equilibrium, held together by the root mat at the surface. Once the root mat is disturbed, the upper soil and vegetation layer can be expected to slide where slope angles exceed 30°. An example of an earth slide in the silts is shown in Fig. 4 .
The exposed slopes in the Morkill River valley appear to be subject to flow failures in the spring, possibly due to the increase in pore pressures and increase in leaching due to increased infiltration from snowmelt. Frost heave has a significant effect on the highly frost susceptible silty soils (Froese 1998 ). The exposed soils are also susceptible to flow during the spring once the shear strength of the soils has been reduced sufficiently.
The field investigation found layering developed parallel to the slope in the profiles in lakes A, B, D, and E. This layering was indicative of expansion and contraction of the soil matrix due to ice lens formation and frost heave. The melting of these ice lenses leads to excess pore pressures and a decrease in shear strength. Evidence of successive flow events was noted in the Morkill River valley. The landslide in Fig. 4 appears to have initiated as an earth slide, followed by earthflows in subsequent years.
Lobate features, evidence of seasonal flow due to frost creep, indicate seasonal flow of the surficial soils (Fig. 4) . Figure 5 shows the metre or less effective depth of seasonal flow.
Flows from the landslide shown in Fig. 5 and two adjacent landslides have been channeled into a gully and directed onto a flat plain adjacent to the Morkill Forest Service Road (FSR) at kilometre 13. The accumulated soil mass extends 700 m and is approximately 200 m wide and over 1.2 m deep. Test pits excavated into the displaced mass found evidence of organic debris (leaves) separating layers of soil 0.2-0.3 m thick, indicating that the material has been deposited by several events in different years.
Sands in lake C
Eleven landslides and 28 soil exposures were examined in the sands of lake C. Landslides in the sandy soils of lake C consist of shallow, translational earth slides. Natural slope angles adjacent to the slides ranged from 35°to 44°, with rupture surfaces in the landslides ranging from 37°to 70°.
The rupture surface at 70°, in a landslide (Fig. 6 ) that had occurred in late spring of 1997, had not then been exposed to frost or chemical weathering.
The relative contribution of thaw weakening and frost heave is expected to differ from sands to silts. As the freezing front progresses in the sandy soils, there is a downward expulsion of water below the freezing front, thus minimizing the extent of ice lens formation. In silts, varves would be expected to retard the downward flow, and water either freezes at these layers and expands or is diverted along the lower permeability layers. Both processes enhance the loss of shear strength.
Based on the field and laboratory observations, it is assumed that the main factors contributing to instability in the sand soils are dissolution and leaching of calcite and the impacts of increased flow in the unsaturated zone. Both factors lead to a loss of apparent cohesion that may be contributed to by both the impacts of the reduction of negative pore pressures and the dissolution and leaching of cementing agents. The higher permeability sand facilitates water flow and allows it to wash calcite out of the soil matrix more readily. Figure 6 shows a typical earth slide in the sandy soil of lake C. The rupture surfaces in landslides in these sediments typically ranged in depth from 1.0 to 1.5 m. The landslide shown in Fig. 6 was assisted by the removal of toe material during road construction and subsequent excavation during seasonal ditch cleaning.
Performance of slopes
A total of 102 road-cut exposures were visited in the sandy and silty sediments of Morkill River valley. Histograms showing the distribution of slope angles in these sediments are shown in Figs. 7 and 8. Each bar in the histogram has been divided into two sections: slopes that were performing acceptably, showing minimal erosion or instability, and slopes that were not performing acceptably. It is apparent that cuts with slope angles greater than 30°in the silty and sandy glaciolacustrine sediments have a higher probability of eroding than those with angles less than 30°. Thirty degrees may be a threshold slope angle above which unacceptable performance may occur.
For cohesionless sandy soils, drained friction angles of 30-39°are typical (Lambe and Whitman 1969 , Table 11 .2), and therefore the soils are considered to be active in a normal fashion. There is expected to be some variation in this slope-angle threshold based on initial calcium carbonate content, duration of exposure, and degree of weathering. The longer the period of time for which the soils are exposed to surface water and frost action, the deeper the degradation of the soil by weathering and the lower the slope-angle threshold.
In the silty soils, 44 of the slopes were found to be standing above the threshold slope angle of 30°, of which 38 of these were performing acceptably. Some slopes performed acceptably at angles over 30°because significant amounts of calcite remained in the soil structure to hold the slope above its friction angle. The observed field performance may reflect the lower permeability of the silts, when compared to sands, which in turn impedes groundwater migration. This reduces negative pore pressures and the rate of dissolution and leaching of calcite in the soil matrix. This may explain the observed delay between the time of first exposure and the time of failure.
There were six road-cut exposures of clay in lake F, located between kilometre 47 and kilometre 50 of the Morkill Forest Road. Slope instability consisted of the gradual softening and erosion of the exposed soil due to frost action. Field observations in a road cut at the eastern edge of Cutting Permit (CP) 602 indicated distinct layering forming parallel to the slope surface due to frost heaving. The soils at the surface are blocky and disaggregated due to the frost action. The blocks indicate reticulate ice formation during freezing; water migrates to the edges of soil peds and forms ice, thus separating the soil peds upon expansion of the ice.
Soil properties
The landslide and slope inventories demonstrated that slopes in the Morkill River valley were relatively steep, indicating the possibility of cementation. Natural slopes up to 70°were noted in silty soils. The limestone in the area led to the assumption that the most likely form of cement in the valley was calcite derived from carbonate bedrock.
Field observations suggest an increase in in situ density with a corresponding increase in carbonate content in the road-cut exposures and landslides. To quantify this relation, in situ testing was undertaken at selected field sites to quantify the relative change in density with depth of the glaciolacustrine sediments and also the corresponding change in carbonate content (Fig. 9) . The field estimation of carbonate content used a relative scale that was calibrated in the laboratory using samples taken from the density testing program. The soils in the Morkill River valley were classified as weakly to moderately calcareous based on the criteria Fig. 2 for location) . Approximate depth of rupture surface for slide shown in Fig. 4 . One metre long shovel for scale. Fig. 6 . Morkill 31.5 km (see Fig. 2 for location) . Earth slide in sandy soil below an abandoned cutting permit access road. outlined in Agriculture Canada (1974) . The in situ density tests yielded densities in the undisturbed silty sediments of up to 2.05 Mg/m 3 , with corresponding minimum void ratios of 0.36.
It is suggested that, in addition to the well-documented impacts of the loss of matrix suction and root strength on shallow slope failures, the effects of freezing, leaching, and weathering processes may be important contributing factors to slope performance. The field and laboratory observations suggest that the relative input of the weathering impacts varies with grain size.
Carbonate analyses
The effects of leaching were investigated during the field and laboratory investigations by addressing the correlation of carbonate content and in situ bulk density. A modified vacuum distillation and titration procedure (Froese 1998) was used to determine the carbonate contents of samples taken during density profiling of the glaciolacustrine soils in the Morkill River valley. Carbonate contents of 5.2-11.1% were obtained from unweathered samples. Figure 10 shows the carbonate content versus in situ density plots for selected sites in the Morkill River valley. The plots show that there is a positive correlation for the sites in the silt-size sediments and a slightly steeper trend in the sandier material. The clays did not appear to exhibit any relation between calcium carbonate and density. As there is much scatter in the data, the lines show general trends, not precise relationships. The steeper gradient of the trend for the sands may represent abrupt drops in carbonate content due to enhanced leaching in the higher permeability materials. In contrast, the lower permeability of the finer grained soils does not favour removal of calcite by leaching.
A scanning electron microscope (SEM) was used to observe the structure of the glaciolacustrine sediments and the location of the carbonates in relation to the soil matrix (Fig. 11) . The SEM photographs did not show any carbonate grains. Electron-diffraction analyses of soil grains indicated trace amounts of calcite in the soil matrix. These observations, with the results of the carbonate content determination and the low void ratios, support the view that the carbonates are located in the soil matrix as cement. Calcite present as cement increases the density and strength of the sediment while decreasing its porosity.
Frost susceptibility
The effects of mechanical weathering by frost action were also addressed in the laboratory program. Frost susceptibility of the glaciolacustrine sediments was assessed using both the index properties of the soils and laboratory strength testing. The U.S. Army Corps of Engineers (1965) classification criteria and the Davila et al. (1993) correlations for segregation potential indicate the soils tested have a moderate to very high susceptibility to frost action and a low susceptibility to frost heave.
The laboratory testing for the effects of frost action on the soils consisted of unconfined compression tests conducted on samples from CP 601 and CP 602 (Froese 1998 ) which had been subjected to 0, 1, 2, 5, and 10 cycles of onedimensional freeze and thaw (Fig. 12) . Samples exhibited a 50% decrease in strength after one cycle of freeze and thaw.
Visual observations of the samples tested showed that the structure of the sandier sample, CP 601, appeared well bonded after 10 cycles of freeze and thaw, whereas the structure of CP 602, a sample with 43% clay size fraction, exhibited stratified ice formation and segregation after 10 cycles of freeze and thaw.
To address the effects of exposure on the silty soils, we utilized the results of the freeze-thaw tests which indicated that values of cohesion of 60 and 35 kPa were available in the silty and silty clay soils, respectively, after one cycle of freeze and thaw (Fig. 12) . To evaluate the effects of freeze and thaw on the stability of slopes in the fine-grained sediments of the Morkill River valley, an infinite slope analysis was undertaken. The analysis followed Duncan (1996 , Can. Geotech. J. Vol. 38, 2001 Fig. 7. Slope-angle frequencies in silty soils. Fig. 8 . Slope-angle frequencies in sandy soils.
p. 351) and assumed a layer with a thickness of 1 m and a friction angle of 30°. Due to the enhanced permeability after a cycle of freeze-thaw, pore pressures are assumed to be dissipated and the fully drained condition was modeled. The infinite slope analysis demonstrates that values of cohesion of less than 10 kPa are required to maintain a slope of 60°at a factor of safety of 1.0 under short-term conditions. As this value is less than the values of cohesion available after one cycle of freeze and thaw, it is considered that the slopes in the silty and silty clay soils require several cycles of freeze and thaw besides the impacts of near-surface seepage gradients and the reduction of negative pore pressures to reduce the soil shear strength to that at limiting equilibrium. 
Conclusions
A contributing mechanism for instability in the stiff Morkill River glaciolacustrine sediments is the process of softening as a result of mechanical and chemical weathering. Based on field and laboratory observations, the processes of frost action and leaching appear to have differing effects on the soils depending on their grain size.
In the sandy soils of lake C, dissolution and leaching of calcite may be enhanced by the relatively high permeability of the soil. As seen in the plot of carbonate content versus in situ density (Fig. 10 ) and in the density profiles (Fig. 9) , there is a relatively steep increase with depth in the carbonate content and density measured in the field in the sandy sediments. This is further substantiated by the observations of landslides in the field. The largest landslides associated with road construction in the Morkill River valley were associated with the sandy glaciolacustrine sediments. Landslides in these soils are predominantly classed as shallow earth slides. These slides are typically 1-1.5 m thick and 20-75 m wide.
In the silty soils of lakes A, B, D, and E, we consider that frost action is the initial dominating weathering process, followed by dissolution and leaching. Once the calcite bonds have been broken due to the 9% volume expansion upon freezing, the calcite is more readily leached out of the soil structure. The loss of strength noted in the laboratory freeze-thaw testing (Fig. 12 ) and in the profiles taken in the field indicates that there is a significant effect of frost action followed by slower removal of the calcite for the silty soils when compared to the sandier soils. Landslides in these soils consisted predominantly of shallow composite earth slideearthflow events. It is postulated that slides, incorporating the root mat and upper 0.3 m of soil, initiate the landslides, followed by erosion of the exposed slope face in the spring. Prolonged exposure is required to lower the values of cohesion in the soils to a point at which limiting equilibrium is achieved.
In the clayey soils of lake F, landslides were not noted in the limited number of exposures investigated. The soil profile for clay shown in Fig. 9 indicated a very gradual increase in density and carbonate content with an increase in depth, and Fig. 10 shows a relatively flat plot of carbonate content versus density (Fig. 10) . In these soils, the clay minerals are considered to be the dominant cementing agent, and the low permeability of the material does not favour percolation of groundwater and leaching of carbonates. These soils are susceptible to gradual breakdown of the soil structure due to frost action (Fig. 12) . 
